Introduction
Cu is an important metal-cofactor in a number of enzymes that activate dioxygen for reactivity. Several classes with either bi-or trinuclear copper active sites have been identified and their different strategies for O 2 activation have been elucidated (1) . These include the multicopper oxidases that utilize three Cu ions to reduce O 2 to water with very little overpotential (2, 3) , the coupled binuclear Cu enzymes that are involved in dioxygen transport and monooxygenase reactivity (4) , and the non-coupled binuclear Cu monooxygenases that activate O 2 for hydroxylation of peptides and hormones (5) .
Recently, a new class of oxygen activating enzymes with a single copper center has been identified, the Polysaccharride Monooxygenases (PMOs) (6) (7) (8) , or AA9 to 11 enzymes (AA = auxiliary activity) in the CAZY database (9) . AA9 enzymes (formerly Glycoside Hydrolases family 61 (GH61s)) are fungal enzymes that can enhance major cellulases' enzymatic degradation of cellulose (hence "auxiliary activity"), whereas AA10 enzymes (formerly Carbohydrate Binding Module family 33 (CBM33)) are predominantly bacterial enzymes that can enhance major chitinases' degradation of chitin (6, 7, (10) (11) (12) (13) .
Enzymes in the latest discovered subclass, AA11, are fungal enzymes, where the currently lone characterized example utilizes chitin as a substrate (8) . Studies by VaajeKolstad et al. (6) and Beeson et al. (14) have shown that AA10 and AA9 introduce a single oxygen atom originating from dioxygen into the respective chitin and cellulose degradation products. Although little is known about the reaction mechanism of these enzymes, it is believed that this does not simply involve Fenton type chemistry producing reactive oxygen species, but rather a more controlled reaction involving a Cu-oxygen intermediate (14) (15) (16) . Cu-loaded crystal structures have been solved for all three subclasses of AA9-11 enzymes (7, 8, (17) (18) (19) , highlighting interesting similarities and differences. Common for the three classes is a flat protein surface that harbors the Cu active site, as illustrated for an AA9 enzyme in Fig. 1 , left. In AA9 PMOs, the flat surface is proposed to interact with the long-chained substrates via a number of primarily aromatic amino acids (18, 19) . In the active Cu site, two histidines provide three nitrogen ligands, two from N-His and one from the terminal amine (Fig. 1, right) , in a configuration that has been termed a histidine brace (7) . An axially oriented tyrosine is highly conserved in the AA9 and AA11 enzymes ~3Å from the Cu, and hydrogen bonded to an oxygen from a glutamine or glutamate side chain (see Fig. 1 , right). In the AA10 enzymes, the axial Tyr is replaced with a highly conserved phenylalanine. In addition to these amino acids, water derived molecules are often refined in the vicinity of the Cu ion, but it is not known whether these coordinate to the Cu in solution. Although the crystal structures provide valuable information, they do not determine the detailed environment of the Cu ion in solution, which is critical in elucidating the mechanistic properties of the PMOs. This is partly due to the fact that oxidized Cu readily undergoes photoreduction upon exposure to X-rays, often accompanied by changes in the coordination environment of the metal (20) .
The PMO superfamily is of considerable importance in the developing area of 2 nd generation (recalcitrant polysaccharide) biofuels, where even preliminary studies have shown 2-6 fold improvements in biomass conversion using unoptimized mixtures (6, 11) providing further impetus for their detailed characterization. Here we present spectroscopic results on a PMO from Thermoascus aurantiacus, denoted Cu-AA9, complimented by Density Functional Theory (DFT) calculations that provide a detailed description of the coordination environment in solution of both the oxidized and reduced Cu active site. Furthermore, the interaction of the reduced Cu site with dioxygen is investigated, focusing on the ability of the PMOs to activate O 2 with a single Cu center.
Results and Analysis

Cu K-edge XANES and EXAFS
Oxidized and reduced Cu-AA9
Cu K-edge XANES spectra of reduced and oxidized Cu-AA9 are shown in Fig. 2 .
In the first fast scan of Cu(II)-AA9 (blue trace) (radiation dose: ~1.7x10 (Table 1A) . Alternatively, the reduced enzyme requires two ligand sets to fit the first coordination sphere and is simulated with three first-sphere O/N ligands, two at (23, 24) , the only other Cu enzyme known to employ the histidine brace (6, 19) . In contrast to Cu-pMMO, however, the simulation for Cu(II)-AA9
does not require a second Cu ion to be included in the set of nearby scattering atoms.
Cryo-reduction of Cu(II)-AA9.
To probe the temperature dependence of the reduction-induced change in the coordination environment of Cu-AA9, cryo-reduction (at 77K) of Cu(II)-AA9, followed by XANES and EXAFS evaluation, was performed. A Cu(II)-AA9 sample was prepared in a cryo-cell, frozen in liquid nitrogen, and subsequently exposed to a γ-emitting (Fig S2) . After 110 hours of exposure time (~5.9Mrad total dose), the enzyme was ~75% reduced. The XANES spectrum of the ~75% reduced Cu-AA9 (Fig. 4, green trace) has a prominent 8984eV feature that further increases by exposure to the synchrotron beam with the final spectrum (black trace) estimated to be ~90% reduced, as compared to the solution reduced enzyme (red trace, from Fig. 2 ). The shape of the rising edge in the ~90% cryo-reduced sample is similar to that of the solution-reduced peak.
Further, the EXAFS data and simulation (Fig. S3 , Table S1 ) of the cryo-reduced Cu-AA9
sample are consistent with a mixture of the oxidized and reduced forms, with the reduced form dominant. Therefore, the observed change in coordination environment of the Cuion upon reduction at room temperature, from four-coordinate to three-coordinate, also occurs in the frozen enzyme at 77K. The fact that this geometry change also occurs at low temperature is indicative of limited rearrangement in the protein structure, consistent with the three protein-derived nitrogen ligands identified in crystal structures (2xN-His, 1xN-terminal amine, see Fig. 1 ) coordinating the Cu in both the reduced and oxidized state, whereas the water derived ligand is labile and only coordinates to the oxidized Cu center.
Reactivity of reduced Cu(I)-AA9 with dioxygen.
Studies have reported the activity of PMOs on cellulose or chitin to be oxidative in nature with dioxygen activation by Cu(I) followed by insertion of one oxygen atom into the substrate (6, 14) . We investigated the first step in this proposed reaction sequence Outer-sphere reoxidation can be evaluated by the Marcus equation (25, 26) . While no redox potential has been reported for AA9, the redox potential of AA10 enzymes has been reported at ~275mV vs. NHE (15, 17) . Using this potential, and the potential of the one electron reduction of O 2 to superoxide (-165mV vs. NHE) (27) , the outer-sphere electron transfer rate from Cu(I) to O 2 is estimated to be ~4.5x10 
Experimentally calibrated DFT calculations.
Optimized structures of Cu(I)-and Cu(II)-AA9.
Determination of the Cu(I) and Cu(II)-AA9 coordination environments by Cu Kedge XANES and EXAFS (vide supra) allowed for the optimization of experimentally calibrated DFT structures. As the starting point, a truncated model of the high-resolution (1.50Å) crystal structure of T.aurantiacus AA9 (3ZUD) was employed, with a total of six amino acid residues, two providing the three Cu ligands as described above, and two water/hydroxide molecules that are in equatorial and axial orientations with respect to the Cu ion (Fig. S6) . The redox state of the Cu ion in the crystal structure is unknown, and the same starting structure was therefore used for optimization of both the oxidized and reduced sites.
Optimization of Cu(I)-AA9 using the B3LYP functional with the 6-311g* basis set on Cu, 6-31g* on the six nearest atoms to Cu, and 3-21g* on the rest, resulted in a three-coordinate Cu(I) site with the two N-His ligands at 1.91Å from the Cu, and the terminal amine-N providing the third ligand at 2.26Å, in an overall T-shaped geometry ( Fig. 5A and Table S2 ). This is in agreement with the experimental XANES and EXAFS results presented above. To further validate the optimized structure, we used this structure to simulate its EXAFS spectrum, and as shown in Fig. S7 , top, the simulated EXAFS spectrum is very similar to the experimental Cu(I)-AA9 spectrum. In addition to the first sphere ligands, the equatorial water ligand, which in the starting geometry is at 2.00Å from the Cu(I), moves out of the inner coordination sphere and is found at a 3.11Å distance to the Cu, hydrogen bonded to the conserved Gln-173 residue. Finally, the distances to the axially positioned Tyr-O and water-O (2.92Å and 2.89Å from the Cu in the crystal structure) increased slightly to 3.23Å and 3.32Å, respectively, in the model (Fig. S8A) . A recent computational paper on AA9 enzymes by Kim and co-workers optimized to a four-coordinate Cu(I)-AA9 structure, inconsistent with our experimental data and optimized structure presented here. Possible reasons for this discrepancy are that Kim et al. used a lower resolution crystal structure of AA9 (2YET) as the starting structure and employed the double-zeta 6-31g* basis set on Cu. If we optimize the 3ZUD-based structure used here with the 6-31g* basis set on Cu we also obtain a fourcoordinate Cu(I) structure, and additionally if we reoptimize the Cu(I) structure obtained by Kim et al. using the larger triple-zeta 6-311g* basis set on Cu, we obtain a 2+1 coordinate DFT structure, in agreement with the experimental data and our calculations. 5B and Table S2 ). To further validate this structure, the simulated EXAFS spectrum of the optimized Cu(II)-AA9 structure with bound OH -is found to be in reasonable agreement with the experimental spectrum (Fig. S7, bottom) .
O 2 -binding to Cu(I)-AA9.
From the fast rate of O 2 reduction by the Cu(I) state that regenerates the resting S10A ) and a TMG 3 tren supported complex (2) (34) (Fig. S10B ) both of which have neutral nitrogen ligands to the copper, similar to Cu-AA9. Experimental energies for superoxide formation from reduced 1 (36) and 2 (37) have been reported in acetone (1) and DMF (2), respectively. In both systems the reaction free energy is close to thermoneutral with 1 being slightly uphill by 1.6 ± 0.2 kcal/mol and 2 being favorable by 1.5 ± 1.7 kcal/mol ( Tables S3A and B) . For 2, the ΔG° is calculated to be -4.2kcal/mol, again consistent with the experimental value of -1.5kcal/mol. Furthermore, the geometry optimized O 2 bound structure of 2 is very close to the reported crystal structure (Table S3A and B) (34) .
Interestingly, the entropy is less negative in the calculations compared to experiment, suggesting solvent interaction in the reduced state that would also influence the ΔE calculation. However, since there is no structural information available on reduced 2 this is not included in the model. Overall, the agreement between experiments and calculations of 1 and 2 validates our calculations on the truncated Cu-AA9 enzyme models presented above, supporting the argument for inner-sphere Cu(II)-superoxide formation in the AA9 enzyme.
Release of superoxide in Cu-AA9.
To complete the correspondence between our observed experimental reactivity of to be determined in AA9 enzymes, it is likely that this is a relatively slow process based on the long time scale employed in activity assays (6, 7, 11, 14, 18) . Therefore the observed rapid superoxide release must be limited when substrate is bound to the enzyme. As evaluated by the DFT calculations, the tetragonal Cu-superoxide allows for a water molecule to enter the axial coordinate position which would result in associative displacement of the superoxide with a relatively low barrier (10.3kcal/mol). Substrate binding to the enzyme surface (Fig. 1, left) were not subject to AA9 activity. If the superoxide is indeed stabilized by the substrate, it may be able to directly attack the polysaccharide, or it may be further reduced to a more reactive species by either small molecules or cellobiose dehydrogenase (a known AA9 reducing co-factor) (7, 13, 39) . This awaits further experimental investigation.
In summary, we have determined the coordination geometries for Cu(I) and . The error in coordination number is 25%, and that in the identity of the scatterer Z is ±1. 
